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Abstract studying forward emitted CTR, scatteringeffects in the
foil will be shown to cause a significant degradation in the

Coherent transition radiation (CTR) wased tostudy the . :
gmitted signal.

longitudinal modulations of an electron beam exiting th
UCLA/LANL high gain SASE FEL. Theinduced
longitudinal micro-bunching of the electron beam at the 2 BACKGROUND

exit of the undulator wasneasuredwith a frequency This section reviews the theory of transiticadiation
dto_nlzaln tet(;]hnlquz “st'.ngfﬂ?TFR em|t|'ged W?eng'sthbeg‘_lmR (TR) needed to understatite experimental measurements
strikes a thinconductingioll. Formaiisms for bo and also to point out the assumptions made irstéredard

and SASE theoriesre relatedusing the simulatiorcode ) .
GINGER in which the SASE FEL gain of the outpu{mdel that may not be entirely accurate for tnsl future

radiation and the micro-bunching of the electron beam &r§Periments. o

will show the limit of standardtransition radiation (TR) multi-particle electron beam striking a metallic foil is
theory is being approached and new analysis is needed. given by

1 INTRODUCTION

. . . . d’u 2 » d?U
Diagnostics measuring very shqueriodic electron beam ——— = N7|f(w)) ——
modulations will be necessary for future experiments in dQdw dewle_
which the modulating wavelength will be several microns 1)

andless. Up to the present, tindomain measurements
such as the streak camerad interfermetricCTR [1] have where N is the number of electrons in the bundb, is

reIiany measuredthe Iongitudinal structure oélectron the solid ang|em is the frequency of radiation, and
beams to a resolution afeveral hundred femtoseconds.

However, asadvancedaccelerating techniques [2] and Do CACL, . .3

FELS [3,4] are becoming more common, dependable f(w)zjexpET%(r)d r

means of measurement for these very short longitudinal

electron beam modulatioreze neededUsing the CTR @

frequency domain techniquedescribed here, a higher

resolution than the timelomain measurements can bés the Fourier transform of the beam particle distribution,
achieved S(r). Immediately from Eq. 1, one sees the emitted CTR

A SASE FEL wasused to inducethe longitudinal spectrum has the same Fourier spectrum aselwtron

electron beam modulaticend asthis beam strikes thin beam d?stributionapd any modulations in_theslectron
conducting foil, the emitted CTR will give informationbeam W'I_l be seen in the emitted CTR spectrum. ..
about the electron beam spatial distribution. For theT_he_ single _ele_ctron energy ;pectrum_ for transition
SASE FEL process, this electron beam micro—bunchingr%dlatlon (TR) is given by the familiar relation,

directly related tothe gain of the SASHadiation and

. 2 2 .2
using CTR, weare able to reconstruct thebeam d?U | __e© sin"6
distribution at theundulatorexit. The resultspresented dew|le_ 4mrc (1—ﬁcosa)2
here agreewell with the predicted performance of the 3)

SASE FEL given by simulation. Since we will be
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Eq. 3 is derived by modeling single electron TR as alt can be seefrom Eqg. 7 that the CTRenergydepends
collision between the electron with its image charge at theavily on having a highlyocusedelectron beam at the
metal/vacuumboundary and using the Lienard-Weichert foil since Ugrr 01/ 07

fields for moving charges. In addition, th&¥equencies of It should be noted that Eq. 6 wlmind integratingover
emitted radiation is assumeshuch smaller than the the solid angle, but in the next section we veile the

characteristic time for the collision to take place, angular acceptance ofthe optical beam was only
6. =15nrad. Also, the beam muspropagate through
teoll <<tradper (4) the foil to emitforward CTR (at theback surface of the

foil) and degradation ofignal due toscatteringeffects in
andthe assumption thato - 0 in the Lienard-Weichert the foil needs to be included. Both of theftectswill be
fields is used. However, iwill be shown belowthis accounted for in the theoretical analysis ofthis
assumption’s limit is beingpproached irthis andfuture experiment.
experimentsand modifications to existingstandard TR
modeling need to be made.
The electron beam distribution exiting a SASE FEL is 3 EXPERIMENTAL SETUP
given by [5,6]
The CTR/SASE experimentsvere performed at the
Advanced FEL (AFEL) at Los Alamos National

O 20 0O 20 Laboratory in which the experimental setup haeen
=g ZU,ZHGXDH_ 202 described elsewhere[7], but is reviewed briefly here.
r) = 1+ b, cos(nk, z Important experimental parameters are given in Table 1.
)= 2 oo, %[ h cos(nk; 2)]
(5)
Table 1: Electron beam and SASE FEL
parameters.
where Gaussian distributions are assumed irratal and
longitudinal dimensionsr(z) and the longitudinaiicro- Beam Energy 17.5 Mev
bunching profile superimposed on the longitudinal Chargelbunch | Q | 1.2nC
distribution is given by a co-sinusoidal term with the BunchLength T
harmonic wavenumberk, =27/ A,, where A, is the (FWHM) 9.2ps

longitudinal electron beam micro-bunching wavelength

. ' i A
equal to the fundamental SASE radiation wavelength. Wiggler period 2cem

Higher harmonich, wavelengths are driven by tI8ASE On axisfield Bo| 7.4kG
FEL processand are included irEq. 4, but only the )\
fundamental harmonic n(=1) induced micro-bunching FEL Wavelength | Ar [ 13 um
could be measured in this experiment. ;
. . . . RMSbeamsize | O, | 180 um
Integrating Eq. 2 about the solid angte, gives a line r H
spectrum

The AFEL photo-injector uses a 10.5 céhlband

0y D4 2 2 standing wave accelerator running at 1300MHz. A
oo o exp[—(k—nk,) Uz]' modelocked (108MHz) diode pumped Nd:YLF is
o compressedising afiber/diffraction grating pairand then
6) amplified with a pair of flashlamp pumped Yd:YLBds.

The emitted pulse train has 350 individual pulsesarated

Notice, there is a peak in the emitted CTR line specter 9.23ns each with a FWHM of 9.2 p&lhenthe laser
at the micro-bunchingrequency as expecteidom EQ. 2. ise train illuminates theCs,Te cathode, an electron

Each peak is very narroeompared tahe separatiowith  qi \ith nearly the samgarameters athe laser train is

the neighboring harmonic Gaussian & >>A;. The  eateq and acceleratatbwn the beamline with each

total energy of the emitted CTR is found integrating Ed. §ectron bunch having eharge of1.2nC. Solenoids are

to be placed neathe cathodefor emittance compensation and
beforethe undulator to match the electron beam to the

Ure = (Noe)“ 0y O proper SASE FEL conditions.
CR™ 4Jno, H}rgﬁ ' The 2m undulator was built from a collaboration
@ between the Kurchatonstitute andUCLA [8] andhas a
magnetic periodA, = 2.06cm, on axisfield By = 7.4kG,

du _ N%bie?
dk am

2 4
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and anormalized undulator fieldK =1. An insertable to pass areasonableCTR signal to thedetector and an
6um radiating foil was placed 1 cmbehind the last intrinsic resolution of .177um is estimated for the
undulator period. When insertethe foil reflectsall the modified monochromator setting. First, the&SASE
SASE radiation (skin depth <50 nm) and the only light tadiation was scannedwith the bandwidth broadened
continue down the optical beamline to thealibrated monochromatorand results of this measurement are
HgCdTe detector ishe forward emitted CTR. When the shown in Fig.1. Acentroid at12.8um is seen in the
radiating foil is retracted,only the SASEradiationwill SASE spectrumand asmentioned beforethis is the
propagate to the detector. Since the SABHECTR are at modulation wavelength of thénduced electron beam
the same wavelength (see Eq. 6) and have the samee longitudinal micro-bunchingA,. Next, the screen was
points, the end of the undulator, the collecting optiesd insertedandthe emitted CTR spectrum wasanned and
not be changed from the two measurements. the resultsare also shown in Fig. 1. Asxpected, the
The HgCdTe detectanvas placedabout 3.5 m from the CTR spectrum iscentered aroundnearly the same
source point which limited the angular collection of thevavelength as the SASE spectruiand is Gaussian in
optical beamline to jusB,.. =15mrad andEq. 7 is not shape agreeing with Eq. 6. It should be mentioned the
entirely correct. To correct fahis, numerical integrations CTR has been normalized to make it the same scale as the
of Eq. 1 are done out t6,... Also, 0, forces collection SASE spectrum.
of the coherenttransition radiation which is emitted at
Beoh = (W20,k. )" =8mrad andvery little collection of
the incoherentlight emitted at 6,0 =1/y = 28mrad.

Included in the numerical integration is theffect of :
electron beam scattering within the foil. THerward i
emitted CTR is derived from the electron beam < 200
propagating through the foil and is emitted whenldeam g
travels from metal to vacuum at the fdikck surface. W
Since the scattering angle fisund to beB8y =8mrad, S
we find the transverse size of the electron beap) ill ~ ~- i
increaseandthe forward emitted CTR signal isdegraded E,\B‘ 100k
(Eq. 1) byalmost 40%compared to @ignal assuming a = -
foil thickness ofOum. £ [
g
o i : H
4 MEASUREMENTS VS. THEORY 5 0: | . '

In order to accurately predithe expectedemittedCTR, it 12 12.5 13 135 14
can be seen from Eq. 7 the bunching fackgr,needs to Wavelength (um)
be estimated. The bunching igredicted for these
conditions by the 3D FEL simulatiocode GINGER. For
a range of parameters corresponding to experimental
uncertainties, the bunching feund to be b, =.017 and
an estimatedgain of 10° was achieved as reported in
References 5 and 8 for this system.

An estimation for the absoluenergy ofthe forward

emitted CTR can now be calculated. Taking into ) o
consideration foil scattering effects on the electron beaffcausahere is good agreement betweiée predictions

angular acceptance,e., the micro-bunching amplitude and measurements presented herefdtmaalism developed
above and the parameters in Table 1, an energylopJ above is assumedhccurate andthe electron beam
is predicted at the detector by numerical integration of EgiStribution given by Eq. 5 iscorrect and no higher
1. It should be mentioned that scatteridegradation and transverse modeare present. We have alsgemonstrated

6, each reduces the total amount of expected CTR at (R narrow angular  spectrunexpected for - coherent
detector by about 40%ndnot including either willcause adiation bychoosing anappropriateacceptancengle of

a significant overestimation of the signal. Thaergy the optical beam line to allow collection of the CTR and

measured athe detectorwas 2.7 pJ,agreeingwell with Insignificant — collection —of —incoherent TR.These

the predicted number given above. condmons imply the electron beam micro-bunching is
Next, a Jerrell Ash monochromator walaced before Uniform transversely across the beam.

the detector andine spectrum measurementere taken. A Slight frequency shift was observed inthe CTR

Because of the high attenuation of this optic, it feamd SPectrum center shown in Fig. 1. Looking at the

the monochromator bandwidth had to be broadenedier transitionradiation model traditionally usetimits of its

Figure 1: CTR and SASE signals as a function of
wavelength with CTR scaled to SASE amplitude.

5 DISCUSSION
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validity here are suspect. The criterion for using Eq. 3 for 407, 423 (1998).

the TR spectrum is given by Eq. 4. We seethiis [8] M. Hoganet al, Phys. Rev. Lett31, 4867 (1998).
experiment the period of emitted radiation is

t=4.3*10"*s andthe assumption that this iswuch

greater than a collision time (for the electron/imabarge

collision model) is questionable. If the condition in Eq. 4

is not applicable for the TR collision model, thwore

generalspectrum for TR from th&ienard-Wiechert fields

is found to be

d?u :e2w2
dQdw  4rc

°°Ax S Ay ern D _A(Y)
[ nx(n ,B)exp%a@ — %ﬁ

—00

®)

where n is the unit vector from the interaction to the
observation point,3 is the velocity of theelectron or
imagechargeand r'(t)is the trajectory of the particles in
the collision. Not only do the initial velocitieged to be
known, but the physics of the particle trajectoriesing
the collision must becalculated. It is immediatelgeen
the spectrum in Eq. 8 containgdditional phase
information not present in the standard TR spectrum given
by Eg. 3 and could account for the observed frequshdy

of the CTR spectrum shown in Fig. 1. As tiequencies

of emitted TR increase for future experiments, the
traditional spectrum from Eq. 3 will have to beplaced

by the more general TR spectrum given by Eq. 8.

6 CONCLUSION

The experiment and technique described hereslas/n to
reliably measurdongitudinal beam modulations to a few
microns and less. Since this experiment wedormed on

a SASE FEL, this measurement verified the crucial role of
micro-bunching in the SASE FEL gain process.
Simulations were used and the results agreed well with the
measurementsdescribed above, thus serving as an
independent check on the code predictions.
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